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Abstract
The complete RNA genome of the Atlantic salmon paramyxovirus (ASPV), isolated from Atlantic salmon suffering from proliferative gill
inflammation (PGI), has been determined. The genome is 16,965 nucleotides in length and consists of six nonoverlapping genes in the order 3′–N –
P/C/V –M – F – HN – L –5′, coding for the nucleocapsid, phospho-, matrix, fusion, hemagglutinin–neuraminidase and large polymerase proteins,
respectively. The gene junctions contain highly conserved transcription start and stop signal sequences and trinucleotide intergenic regions similar to
those of other Paramyxoviridae. The ASPV P-gene expression strategy is like that of the respiro- and morbilliviruses, which express the
phosphoprotein from the primary transcript, and edit a portion of the mRNA to encode the accessory proteins VandW. It also encodes the C-protein
by ribosomal choice of translation initiation. Pairwise comparisons of amino acid identities, and phylogenetic analysis of deduced ASPV protein
sequences with homologous sequences from other Paramyxoviridae, show that ASPV has an affinity for the genus Respirovirus, but may represent a
new genus within the subfamily Paramyxovirinae.
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Members of Paramyxoviridae are causative agents of a
number of diseases, with a host range that includes mammals,
birds, reptiles and fish. The family constitutes a diverse group of
enveloped viruses which possess non-segmented, single-
stranded, negative sense RNA genomes (Lamb and Kolakofsky,
2001). They are grouped taxonomically in the order Monone-
gavirales, together with the Filoviridae, Rhabdoviridae and
Bornaviridae, with which they share features of genome organi-
zation and similarities in protein domain structure and sequence
of the viral polymerase proteins. Members of the Paramyxo-
viridae generally have genomes of 15,500 nucleotides, and the
genomes contain six to ten tandemly linked genes (Lamb and
Kolakofsky, 2001).
The family is divided into two subfamilies, the Paramyxovir-
inae and Pneumovirinae, based on biochemical characteristics
and genome organization. Pneumovirinae contains two genera,⁎ Corresponding author.
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is currently divided into five genera: Respirovirus, Rubulavirus,
Morbillivirus, Henipavirus and Avulavirus, where the last two
have only recently been created (Lamb et al., 2005; Lamb and
Kolakofsky, 2001). Although two new genera have been created
to support the increase in genetic diversity seen in the last decade
for the subfamily Paramyxovirinae, several viruses remain
unclassified below subfamily level. These include Tupaia virus
(Springfeld et al., 2005; Tidona et al., 1999), Beilong virus (Li
et al., 2006), Mossman virus (Miller et al., 2003), J-virus (Jack
et al., 2005) and Fer-de-Lance virus (Kurath et al., 2004). All have
been well characterized genetically, and complete genome se-
quences are available. All members of the subfamily Paramyxo-
virinae, have six invariant genes in the order 3′–N – P –M – F –
A – L –5′, indicating the nucleocapsid, phospho-, matrix, fusion,
attachment and large polymerase proteins, respectively (Lamb
and Kolakofsky, 2001).
Atlantic salmon paramyxovirus (ASPV), a relatively recent
addition to the family Paramyxoviridae, was first isolated in
1995, from Atlantic salmon (Salmo salar L.) suffering from
proliferative gill inflammation (PGI) (Kvellestad et al., 2003).
138 S. Nylund et al. / Virology 373 (2008) 137–148PGI is a respiratory disease of Atlantic salmon, and has been
associated with losses in Norwegian aquaculture since the
1980s, with an increase of outbreaks in the past years. Atlantic
salmon suffering from PGI all show signs of inflammation, cell
death and proliferation of gill tissue, circulatory disturbance
causing reduced growth rate in affected fish and, in some cases,
mortality. The aetiology of the disease appears to be multi-
factoral. A primary causative agent has not yet been identified,
but ASPV is associated with some cases (Kvellestad et al., 2003,
2005).
ASPV has been partially characterized with emphasis on
morphology, replication and properties of the surface molecules.
The virus is sensitive to chloroform, heat and low and high pH,
and has an RNA genome. It has a receptor-destroying enzyme
identified as a neuraminidase, and it has been shown to contain
five major structural polypeptides with estimated molecular
masses of 70, 62, 60, 48 and 37 kDa. Based on these analyses,
the virus was classified as a member of the family Paramyxo-
viridae and the name Atlantic salmon paramyxovirus (ASPV)
was suggested (Kvellestad et al., 2003). The classification as a
paramyxovirus was later confirmed by Fridell et al. after analysis
of a partial polymerase (L) gene sequence from an isolated
ASPV, placing the virus in the Paramyxovirinae subfamily, with
affinity to genus Respirovirus (Fridell et al., 2004).
In this study, we present the complete genome sequence of
ASPV. Analysis of both the genome and deduced protein se-
quences confirm that ASPV has strong similarities to members
of genus Respirovirus. It does, however, also reveal significant
differences that may justify the creation of a new genus in the
subfamily Paramyxovirinae.
Results
Characterization of the ASPV genome
Regions of ASPV genomic RNA were amplified by RT–
PCR using degenerate CODEHOP primers and gave PCR
products with significant similarity to paramyxovirus N, M, F
and HN gene sequences in the NCBI database. The gaps not
covered by these sequences, and the entire P-gene, were
resolved by a subsequent targeted gene walking (Parker et al.,
1991). For the L-protein gene, a partial sequence was available
in the GenBank (accession no. AY433949) and was used for
resolving the remaining L-protein gene sequence.
The 3′ terminal of the genome was amplified by RT–PCR
using ligated total RNA from ASPV infected cell culture as the
starting template. This identified a 3′leader sequence with sig-
nificant similarity to known paramyxoviruses. The 5′ terminal
of the genome was determined by performing a 5′RACE.
ASPV genome features
The complete ASPV genome is 16,965 nt in length. The
genome length is not evenly divisible by six, so it is not
consistent with the rule of six described as a trait for members
of the subfamily Paramyxovirinae (Calain and Roux, 1993;
Kolakofsky et al., 1998, 2005). The sequence contains sixputative gene junctions that are highly conserved within ASPV,
and with known gene junctions of other paramyxoviruses
(Lamb and Kolakofsky, 2001). The ASPV transcription start
signal consists of a 10-base sequence that is strictly conserved
for all genes. Transcription stop signals for ASPV genes consist
of an 11-base conserved sequence that ends with a 4-base poly
(A) tract (mRNA sense). Within ASPV, three of the six gene
stop sequences are strictly conserved, whereas the remaining
three contain one base difference at position two of the stop
sequence. The intergenic regions (IGR) are all trinucleotides,
CTT or CAT. An overview of ASPV transcription start and stop
signals and the intergenic regions, is shown in Fig. 1.
The ASPV genome begins with a 55-nt 3′leader sequence
before the transcription start site for the N-gene, and there is a 54-nt
5′trailer following the L gene transcription stop site. The
length of the 3′leader is exactly conserved with all other known
paramyxoviruses (Lamb and Kolakofsky, 2001). The 5′trailer
length is within the 25- to 58-nt length seen in respiro-, morbilli-,
rubula and henipaviruses. The ASPV leader and trailer se-
quences are exactly complementary for the first 13 nt, and 37 out
of the 54 bases in the 5′trailer can form complementary base
pairs with the 3′leader if gaps are allowed in the alignment
(Fig. 1C).
ASPV genome organization
The gene junction sequences of ASPV define six discrete,
nonoverlapping transcription units. Analysis of the open
reading frames (ORF) indicate that five of the transcription
units (the first and the third through the sixth) each contain a
single large ORF capable of encoding a protein that can be
identified by database similarity searches as one of the known
invariant paramyxovirus proteins: N, M, F, HN and L. The
second transcription unit is the P\C\V gene. It contains a large
ORF encoding the deduced phosphoprotein (P) and a smaller
ORF with similarity to the paramyxovirus C proteins. In
addition, the P\C\V gene contains two possible ORFs, Vand W,
overlapping the phosphoprotein ORF. Thus, the ASPV genome
contains six genes in the order: 3′ – N – P/C/V –M – F –HN –
L – 5′ and can potentially encode nine proteins. The total
coding percentage of the ASPV genome is 85%, and the subunit
hexamer phasing positions for the start sites of the six ASPV
genes and the P-gene editing site, shown to be genus-specific
within the Paramyxovirinae (Harcourt et al., 2001; Kolakofsky
et al., 1998; Wang et al., 2000), is “2,2,1,2,3,4,2”. The hexamer
phasing positions are most similar to that of the morbilliviruses,
CDVand DMV, and the unassigned TPMV, matching at four out
of six start sites. A summary of the features of the six ASPV
genes and their deduced proteins is provided in Table 1. Subunit
hexamer phasing positions for the start sites of the six ASPV
genes and the P-gene editing site are shown in Table 2.
ASPV protein coding genes
The ASPV N-gene transcription unit contains a single large
ORF identified as a paramyxovirus N-protein. The N-protein
is an abundant virion protein that forms the nucleocapsid by
Fig. 1. ASPV genome organization (A), conserved gene junction sequences (B) and ASPV genomic termini (C). The horizontal bar in panel A indicates the 16,965-nt
single-stranded, minus-sense RNA genome. The shaded blocks indicate the position and relative length of six ASPV ORFs; N, P, M, F, HN and L. The transcriptional
regulatory sequences (consensus) are also indicated in mRNA-sense. The signal sequences of the six ASPV genes were used to derive the ASPV consensus sequence,
which is aligned with consensus sequences from the type species of the genera SeV (Lamb and Kolakofsky, 2001), HeV (Wang et al., 2000), MeV (GenBank accession
no. NC_001498), MuV (GenBank accession no. NC_002200), NDV (Lamb and Kolakofsky, 2001) and HRSV (GenBank accession no. NC_001781), and with TPMV
(GenBank accession no. NC_002199), J–V (Jack et al., 2005), MoV (Miller et al., 2003) and TiV (Chua et al., 2002), listed in the order of similarity to the ASPV
consensus. In the consensus sequences, uppercase letters indicate strict conservation, lowercase letters a, c, g and t indicate no more than two exceptions, and lowercase
letters used by the International Union of Pure and Applied Chemistry indicate more variable sites (as in Lamb and Kolakofsky, 2001). In the NDV consensus
sequence, the asterisk indicate a nucleotide deletion (Lamb and Kolakofsky, 2001). An alignment of the ASPV genomic termini (negative sense RNA) is shown in
panel C. Shading indicates complementary base pairs and dashes indicate gaps in the alignment.
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polymerase complex during transcription and replication, and
most likely interacts with matrix proteins during virus assembly
(Lamb and Kolakofsky, 2001). The first AUG codon for the
ORF of the ASPV N-protein, is in strong context for translation
initiation (Kozak, 1991) and the next AUG is approximately
100 nt downstream, suggesting that the first AUG is the most
likely start site. The deduced protein is 530-amino acids (aa),
has a calculated size of 58.8 kDa and a pI of 5.3. The Y260 and
F324 residues that have been reported to be conserved in all
Paramyxovirinae, important for RNA binding and N–N protein
self-assembly, respectively (Myers et al., 1997), are present in
the ASPV N-protein as Y262 and F326. The F326 residue is
also the start of a larger conserved motif found near the middleof all paramyxovirus N proteins, F–X4–Y–X4–SYAMG
(Lamb and Kolakofsky, 2001). In ASPV, this motif is present
as F–APGA–Y–PLLW–SYAMG. Pairwise alignments of the
amino acid sequence with other paramyxovirus N-protein
sequences show low overall levels of amino acid identity with
N-proteins of viruses in the Paramyxovirinae subfamily,
ranging from 19% to 28%, and even less identity with members
of the Pneumovirus subfamily. It has the highest identity with
the Henipavirus nucleocapsid proteins (27–28%) followed by
MeV of the morbilliviruses (26%). The alignments also show
that the amino-terminal 76% of the protein (aa 1 to 401) is the
most conserved, while the carboxy terminal 24% has almost no
similarity to other paramyxovirus N-proteins. This pattern of
conservation is consistent with previous descriptions in which
Table 2
Subunit hexamer phasing positions for gene start sites and P editing sites of a
selection of Paramyxovirinae
Genus Virus(es) a N P/V M F HN L P Edit
Unassigned ASPV 2 2 1 2 3 4 2
Unassigned TPMV 2 2 1 3 3 2 6
Morbillivirus CDV, DMV 2 2 4 2 3 2 6
Morbillivirus MeV, RPV 2 2 4 3 3 2 6
Unassigned FDLV 2 2 4 3 6 3 2
Respirovirus hPIV3, bPIV3 2 1 1 1 1 2 2
Rubulavirus SV5 2 1 1 2 1 6 3
Respirovirus SeV 2 1 1 1 1 2 1
Avulavirus NDV 2 4 4 4 3 6 1
Rubulavirus SV41 2 1 1 1 1 6 3
Rubulavirus MuV 2 1 6 1 1 6 3
Henipavirus HeV 2 3 4 4 4 3 5
a Viruses are presented in order of similarity to the ASPV Hexamer phasing
positions.
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served and contains most of the phosphorylation sites and
antigenic sites of the protein (Lamb and Kolakofsky, 2001).
The first AUG codon in the P\C\V gene is in relative poor
context for translation initiation and starts an ORF that encodes a
226-aa protein with a calculated size of 25.2 kDa and a pI of 9.8.
The deduced protein of this ORF is poorly conserved, but can be
identified as a paramyxovirus C protein by a Blastx search
restricted to virus sequences alone. There is an in-frame start
codon approximately 360 nt downstream of the first start codon
that is in strong context for translational initiation, but this gives
an ORF considerably smaller than other known paramyxovirus
C proteins. The second AUG codon in the P\C\V gene is in
strong context for translation initiation, and encodes a 575-aa
protein with a calculated size of 63 kDa and a pI of 4.9.
This is the deduced ASPV phosphoprotein (P). The paramyx-
ovirus P-proteins are an essential component of the polymerase
complex and are involved in all aspects of viral RNA synthesis
(Lamb and Kolakofsky, 2001). The overall amino acid sequence
of the ASPV P-protein is poorly conserved when compared to
other paramyxoviruses; having highest amino acid identity with
the unclassified J–V, at 16%. The presence of 13 consensus
recognition sites for casein kinase II and 11 sites for protein
kinase C (Kennelly and Krebs, 1991), however, strongly
indicates that its function is that of a phosphoprotein.
The P-genes of nearly all members of the Paramyxovirinae
contain a conserved AnGn (mRNA sense) RNA editing site,
where the viral polymerase inserts nontemplated guanine (G)
residues during mRNA synthesis to access alternative reading
frames in P-mRNA (Lamb and Kolakofsky, 2001; Thomas et al.,
1988). In ASPV, there is a conserved AnGn site (GTAAAAA
GGCA) that is predicted to facilitate the insertion of G residues
at nt-1075 of the P-mRNA. Insertion of one G residue at this site
gives access to a reading frame encoding a 378-aa protein with a
cysteine-rich carboxy terminal that is well conserved and easily
identified as a paramyxovirus V-protein. The V-protein is an
accessory protein that is expressed from an alternative readingTable 1
ASPV genome transcription units and deduced protein products
ASPV gene mRNA features (nt) Deduced protein features (aa)
Length 5′ UTR ORF 3′ UTR Length Calculated Mr pI
N 2379 70 1590 719 530 58.8 5.3
P/C/V (P) a 2186 97 1725 364 575 63.0 4.9
P/C/V (C) b 2186 68 678 1440 226 25.2 9.8
P/C/V (V)a 2187 97 1134 956 378 41.6 4.8
P/C/V (W)a 2188 97 982 1107 328 35.7 4.7
M 1474 52 1062 360 354 38.8 9.4
F 2020 63 1656 301 552 59.6 7.4
HN 2032 30 1728 274 576 62.0 6.2
L 6750 11 6624 115 2208 249.4 6.1
a The P/C/V gene of ASPV has the potential to encode four proteins (P, C, V
and W) P, V and W are coterminal for the first 327 aa. The W ORF terminates
1 aa after the editing site.
b The deduced protein C is encoded from an alternative initiation codon in a
position upstream relative to the P and V protein initiation codons in the P/C/V
gene.frame in the P-gene and has a role in blocking host interferon
defence mechanisms (He et al., 2002; Patterson et al., 2000;
Poole et al., 2002). The carboxy-terminal of the deduced protein
contains all seven cysteine residues, known to be conserved
among paramyxovirus V-proteins, forming a possible zinc finger
domain (Lamb and Kolakofsky, 2001; Thomas et al., 1988). It
also contains the conserved motifs H–R–R–E and W–C–N–P.
Sequence alignments of the entire V-protein sequence gives little
overall identity with other paramyxovirus V-proteins (20% with
SeV and MoV), but alignments of the conserved carboxy-
domain (V-C), gives an identity of 51% with SeVand 50% with
MoV.
Insertion of two G residues at the editing site gives rise to a
328-aa protein that is analogous to the paramyxovirus W
proteins of respiroviruses and I proteins of rubulaviruses (Lamb
and Kolakofsky, 2001). The ASPV P-, V-, and W-proteins are
thus amino coterminal for the first 327 amino acids, and differ in
the carboxy-terminal region encoded after the editing site. The
ASPV P-, V-, and W-proteins all contain a glutamine-rich
region of unknown function and importance, just before the
editing site. An overview of the ASPV P/C/V gene expression
strategy and editing site is shown in Fig. 2.
The first AUG codon in the ASPV M-gene is in strong
context for translational initiation, and starts an ORF that
encodes a 354-aa protein with a pI of 9.4, identified as a
paramyxovirus matrix protein. The matrix protein is the most
abundant protein in the virion. It interacts with the cytoplas-
matic tails of the integral membrane proteins, the lipid bilayer
and the nucleocapsids and is considered the central organizer of
viral morphogenesis (Lamb and Kolakofsky, 2001). The ASPV
matrix protein most closely resembles the M-proteins of
respiroviruses and the unclassified J–V, with which it shares
41% amino acid identity.
The ASPV F ORF encodes a 552-aa protein with a pI of 7.4,
that has a high similarity to paramyxovirus fusion proteins. The
fusion proteins mediate viral penetration by fusion between the
virion envelope and the host cell plasma membrane at a neutral
pH. This leads to entry of the nucleocapsid into the cytoplasm of
the host cell. They are synthesized as an inactive precursor, F0,
Fig. 2. ASPV P gene expression strategy and RNA editing site sequence, compared with other paramyxovirus P gene RNA editing sites. The horizontal scale at the top
indicates the 2186-nt P gene mRNA, and the bars below indicate ORFs accessed in two possible reading frames by ribosomal choice (C protein) and RNA editing (P, V
and W). In the editing site sequences, spacing between the 6 nt upstream, An and Gn elements is to facilitate visual comparison (Hausmann et al., 1999; Lamb and
Kolakofsky, 2001). The accession numbers for the sequences are listed in Materials and methods.
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terminus, designated F2 and eventually leads to formation of the
biologically active protein consisting of disulfide linked chains
F1 and F2. They are type I integral membrane proteins and
contain a highly conserved hydrophobic region called the fusion
peptide in the N-terminal region of F1. This is thought to
intercalate into target membranes and thereby initiate the fusion
process (Lamb and Kolakofsky, 2001). Hydrophobicity and
transmembrane analysis of the deduced ASPV fusion protein
show that it has features of a type I integral membrane protein.
This includes a putative signal sequence in the first 20 aa of the
N-terminal, a transmembrane domain of 23 aa near the carboxy-
terminus (aa 495 to 517) and a carboxy-terminal hydrophilic tail
of 35 aa. It has a monobasic cleavage site, GTIVR, followed by a
hydrophobic region (aa 112–136) that is likely to represent the
fusion peptide. The cleavage site sequence does not conform to
the consensus motif for cleavage by furin (Hosaka et al., 1991),
R –X –K\R –R, conserved in the majority of Paramyxovirinae
(Lamb and Kolakofsky, 2001). It is most similar to the cleavage
sites of SeV (DVPQSR) and NiV (LVGDVR) (Harcourt et al.,2000) and J-V (GVPGVR) (Jack et al., 2005). The deduced
ASPV fusion protein also contains two heptad repeats (HRA and
HRB), necessary for membrane fusion in paramyxoviruses
(Lamb and Kolakofsky, 2001). HRA is located immediately
adjacent to the fusion peptide, and HRB resides in the region
proximal to the transmembrane domain. HRB forms what
appears to be a leucine–zipper domain (Chambers et al., 1990).
The ASPV F-protein contains three potential sites for N-linked
glycosylation, one in the F2 unit, and two in the F1 unit. The two
cysteines most likely to form disulfide binding between the F1
and F2 unit are C65 and C194, according to the cysteine disulfide
bonding state and connectivity predictor, DISULFIND (Ceroni
et al., 2006). Amino acid sequence alignments with other
paramyxovirus fusion proteins show that it has the highest
identity with the unclassified FDLV fusion protein, at 41%. An
overview of conserved domains and other features of the
deduced ASPV fusion protein is shown in Fig. 3A.
The ASPV HN-gene contains an ORF beginning with an
AUG codon in strong initiation context, encoding a 576-aa
protein with a pI of 6.2, identified as a paramyxovirus
Fig. 3. Schematic overview of important features and conserved domains found in the predicted fusion- (A), hemagglutinin–neuraminidase (B) and L-protein
(C) amino-acid (aa) sequences. (A) Predicted fusion protein sequence. The position of the signal sequence, the transmembrane domain, the cleavage site (GVPGVR),
the hydrophobic fusion peptide and the heptad repeats A and B (HRA and HRB, respectively) (Chambers et al., 1990; Lamb and Kolakofsky, 2001) are indicated.
Possible cysteines for disulfide bonding between F1 and F2 are also shown. (B) Predicted hemagglutinin–neuraminidase protein sequence. The position of the signal-
anchor transmembrane domain, the sialic acid binding site and the seven neuraminidase active-site residues important for neuraminidase activity (Lamb and
Kolakofsky, 2001; Langedijk et al., 1997) are indicated. (C) Predicted L-protein sequence. Positions of the conserved RNA-dependent RNA polymerase major
domains I-VI, and subdomains A–D (Poch et al., 1990) are indicated. In addition, the conserved GDNQ sequence in subdomain C, and a putative ATP-binding site
motif (K–21X–G–E–G–A–G) (Harcourt et al., 2001) in major domain VI, is shown.
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integral membrane proteins and the major antigenic determinant
for paramyxoviruses. HN-proteins are responsible for adsorp-
tion of the virus to sialic acid-containing cell-surface molecules,
and can mediate enzymatic cleavage of sialic acid (neuramini-
dase activity) from the surface of virions and the surface of
infected cells (Lamb and Kolakofsky, 2001). Analyses of
hydrophobic and transmembrane domains of the deduced
ASPV HN-protein, show that it has features of a type II
integral membrane protein. There is a hydrophobic 23 aa puta-
tive transmembrane domain near the amino terminus (aa 44–62)following an amino-terminal cytoplasmatic tail of 43 aa. The
transmembrane helix has properties consistent with a signal
anchor domain. The ASPV HN protein has four potential N-
linked glcosylation sites and contains the sialic acid binding site
motif N – R – K – S – C – S (aa 258–263) that is conserved in
respiroviruses and rubulaviruses. The globular head domain of
the ASPV HN protein also contains all seven active-site
residues required for neuraminidase activity (Langedijk et al.,
1997). Amino acid sequence alignments with other analogous
paramyxovirus proteins show that it has its highest identity with
the Respirovirus attachment proteins, more specifically SeV, at
Table 3
Pairwise percent amino acid identities of ASPV L-protein domains and subdomains with those of other paramyxoviruses
Virus (genus) Entire
L
% Identity by major domain a II–III
hinge
% Identity by subdomain in domain III
I II III IV V VI III-A III-B III-C III-D
SeV (Respirovirus) 51 59 73 72 69 58 65 13 100 96 100 92
FDLV (Unassigned) 42 50 65 61 61 52 41 19 77 87 75 62
MeV (Morbillivirus) 38 50 60 55 61 50 42 6 92 70 75 46
J–V (Unassigned) 38 45 59 59 56 50 46 16 85 78 88 69
HeV (Henipavirus) 37 45 62 54 63 45 46 6 92 70 75 54
MoV (Unassigned) 37 44 59 55 60 51 45 9 85 61 63 54
MuV (Rubulavirus) 28 39 48 46 38 42 27 9 92 100 88 54
TiV (Unassigned) 26 34 47 43 41 39 32 11 92 78 75 54
NDV (Avulavirus) 25 32 39 44 37 36 30 11 85 70 88 54
HRSV (Pneumovirus) 14 16 26 25 17 16 19 7 31 48 65 23
a Major L-protein sequence domains and subdomains in domain III as defined by Poch et al. (1990). Viruses are listed in order of their overall similarity to ASPV,
and the highest percent amino acid identity observed for each region is highlighted in bold.
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in Fig. 3B.
The L-gene of ASPV is 6750 nt long and has a single large
ORF starting with an AUG codon in strong initiation context.
This ORF encodes a 2208-aa protein with a pI of 6.1, which is
similar in length and sequence to the paramyxovirus L proteins.
This is the viral polymerase of the paramyxoviruses and the
least abundant protein in the virion (Lamb and Kolakofsky,
2001). Within the L-proteins of Mononegavirales, a consistent
pattern of conserved and variable sequence domains and
subdomains has been described (Kamer and Argos, 1984;
Poch et al., 1990). These domains include major conserved
domains I to VI, more highly conserved subdomains A to D
within domain III, and the highly variable hinge region between
conserved domains II and III. Pairwise alignments of the ASPV
L-protein with L-proteins of other paramyxoviruses show aTable 4
Pairwise percent amino acid identities of ASPV proteins with analogous proteins in
Paramyxovirus genus a
or species
% Amino acid identity between ASPV proteins a
N P V
Respirovirus 24–25 14–15 20
Rubulavirus 20–23 11–14 10–13
Morbillivirus 24–26 12–14 13–18
Henipavirus 27–28 15 18
Avulavirus 19–21 11–14 16
TPMV 23 11 16
BeV 25 13 18
MoV 24 14 20
J–V 23 16 19
FDLV 22 11 12
MenV 21 12 11
TiV 21 14 13
Pneumovirus 11–12 6 NA
Metapneumovirus 10 7 NA
a Genus comparison includes the following viruses: for Respirovirus, SeV, hPIV1
MPRV; forMorbillivirus, MeV, DMV, CDV, PPRV, and RPV; forHenipavirus, HeVa
forMetapneumovirus, AMPV. No L-protein sequence available for hPIV4a and hPIV
the NDV V protein from the Avulavirus genus.
b The highest percent amino acid identity observed for each protein is highlighted i
not edit the mRNA. NA, not applicable.
c V–C indicates the V protein-specific carboxy terminus encoded after the RNA e
d A, attachment protein. The attachment proteins are as follows: for morbilliviruses
remaining, HN.pattern that generally conforms to this. Of the major domains,
domain II is the most conserved, followed by domain III, IVand
VI. The remaining domains show little identity above what is
found for the entire L-protein. The hinge region is uniformly
low in amino acid identity, as seen for other paramyxoviruses.
Within domain III, subdomain III-A and III-C are the most
conserved, followed by domain III-D and III-B. Identities of the
different major domains and subdomains to other paramyx-
oviruses are provided in Table 3.
Within domain III, the highly conserved G – D – N – Q
sequence that is present in nearly all Mononegavirales is present
in ASPV. It is unlike the variant G – D – N – E found in HeV,
NiV and TMPV (Harcourt et al., 2001; Springfeld et al., 2005;
Wang et al., 2000), but identical to the binding sites found in
most respiroviruses (Sendai, HPIV1, HPIV3 and BPIV3). The
ASPV L-protein also contains a putative ATP binding site (Pochother paramyxoviruses
nd other paramyxovirus proteins b
V–Cc M F Ad L
51 37–41 30–32 36–38 48–51
25–42 18–21 24–27 21–23 25–28
6–31 34–36 26–32 12–15 38
42–45 39 29–32 20–21 37–38
38 21–25 22–25 22 25–26
47 36 34 20 38
44 39 34 23 38
50 36 29 17 37
46 41 36 23 38
35 35 41 37 42
37 18 25 17 26
36 19 25 19 26
NA 11–12 14 6–7 14–15
NA 10 16 11 15
, hPIV3 and bPIV3; for Rubulavirus, SV5, MuV, hPIV2, hPIV4a, hPIV4b and
nd NiV; for Avulavirus, NDVand AMPV-6; for Pneumovirus, HRSVand BRSV;
4b. Only the SeV V protein is represented from the Respirovirus genus and only
n bold. The HRSV, BRSVand AMPV P genes encode only the P protein and do
diting site.
and TPMV, H; for henipaviruses, pneumoviruses, BeV, MoVand J–V, G; for the
Fig. 4. Phylogenetic position of the Atlantic salmon paramyxovirus (ASPV) (EF646380) in relation to other paramyxoviruses based on analysis of fusion- (A) and L-
protein (B) sequences. The evolutionary relationships are presented as maximum likelihood trees based on alignment of complete sequences of the fusion- and L-
protein amino acid sequences from selected family members. Branch lengths represent relative phylogenetic distances according to maximum likelihood estimates
base on the VT matrix (Muller and Vingron, 2000). Quartet puzzling (QP) support values are N90% for all branching points, with the only exceptions being the
relationship between the Pneumovirinae (85%). The scale bar shows the number of amino acid substitutions as a proportion of the branch lengths. See Materials and
methods for full virus names and database accession numbers.
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145S. Nylund et al. / Virology 373 (2008) 137–148et al., 1990) with the motif G–E–G–A–G and a K residue 21
amino acids proximal to this G rich sequence. Amino acid
sequence alignments show that the ASPV L-protein has the
highest identity with L-proteins of the respiroviruses (51%)
(Table 4). An overview of the deduced ASPV L-protein
domains and features is shown in Fig. 3C.
Phylogenetic analysis
The deduced amino acid sequences of the full length N, M, F,
HN and L genes of ASPV were used to infer phylogenetic
relationships with other Paramyxoviridae, using genus Pneu-
movirus as an outgroup. Analysis showed an overall affinity to
the Respirovirus genus for the M-, HN-, and L-proteins. It was
not possible to resolve association with any known genus for the
N- and F-proteins, but the ASPV fusion protein had high
affinity to the FDLV fusion protein.
For all phylogenetic analysis, the same results were obtained
when using maximum likelihood and maximum parsimony on
the same dataset. Maximum likelihood, trees for the ASPV
fusion and L-proteins are provided in Fig. 4.
Discussion
Atlantic salmon (S. salar L.) serves as a host for a number of
RNAviruses from an increasing number of virus families. These
include the Birnaviridae, Orthomyxoviridae, Togaviridae,
Reoviridae and Rhabdoviridae. A great deal of viruses from
these families have been genetically characterized, and their
importance in disease development subjected to intense scrutiny
(Essbauer and Ahne, 2001). The role of paramyxoviruses in
diseases of Atlantic salmon, however, is still uncertain. A salm-
on paramyxovirus has been isolated from Chinook salmon
(Essbauer and Ahne, 2001;Winton et al., 1985), but has not been
characterized on a genomic level. The ASPV has been observed
in salmon affected by PGI, but its role in the disease is not
known. In providing the complete genome sequence of the virus,
it may now be possible to elucidate its role in the disease.
The ASPV genome was found to be 16,965 nt in length. This
is slightly longer than the uniform length of 15,500 nt described
for most paramyxovirus genomes (Lamb and Kolakofsky,
2001). In recent years, however, complete genome sequences
of greater length, derived from multiple new and emerging
paramyxoviruses, have been published. These range from
∼16,300 nucleotides to ∼19,200 nucleotides, and include
AMPV-6 (Chang et al., 2001), the henipaviruses NiV (Harcourt
et al., 2001, 2000; Wang et al., 2001) and HeV (Wang et al.,
2001, 2000), and the unassigned J-V (Jack et al., 2005), BeV (Li
et al., 2006), MoV (Miller et al., 2003) and TPMV (Springfeld
et al., 2005; Tidona et al., 1999). In length alone, ASPV is most
similar to MoV (16,650 nt).
The transcriptional start and stop signals, intergenic regions
and leader and trailer sequences all have traits similar to
members of the subfamily Paramyxovirinae (Fig. 1). The
consensus of the start signal bares most resemblance to the
consensus signals for FDLVand SeV, but similarity was evident
with the gene start signals for members of the morbilli- andhenipaviruses as well. The consensus ASPV stop signal was
most similar to that of FDLV and HeV, and was also conserved
with regard to the stop signals for members of the morbilli-
viruses. The trinucleotide IGRs of ASPV are comparable to
those found in members of the Respirovirus, Morbillivirus and
Henipavirus genera, and differ from the variable-length inter-
genic regions found in the Rubulavirus, Avulavirus and Pneu-
movirus genera. The length of the 3′leader, of 55-nt, is exactly
conserved with all other known paramyxoviruses (Lamb and
Kolakofsky, 2001), and has a sequence that is highly conser-
ved when compared to members of the subfamily Paramyxo-
virinae(results not shown). The 5′trailer length is within the 25-
to 58-nt range seen in Respirovirus, Morbillivirus, Rubulavirus
and Henipavirus genera. The complementarity seen between
the genomic termini in most members of the Paramyxovirinae
(Lamb and Kolakofsky, 2001) is also found between the ASPV
genomic termini (Fig. 1C). The hexamer phasing positions
found for the start of the ASPV genes are most similar to that of
the morbilliviruses, CDVand DMV, and the unassigned TPMV,
matching at four out of six start sites (Table 2). The position for
the start site of the L-protein gene (position four) is not present
in any of the other members of the Paramyxovirinae.
The total coding percentage of the ASPV genome is 85%,
which is similar to the henipaviruses (Wang et al., 2000), but
less than what is found in other Paramyxovirinae genera, which
generally have a coding percentage of 92% (Wang et al., 2000).
The genome can potentially encode 9 proteins, of which six are
the invariant proteins found in all paramyxoviruses and the
remaining three are accessory proteins from the P/C/V-gene.
The sizes of the deduced proteins are all within range for known
Paramyxoviridae (Lamb and Kolakofsky, 2001). The pattern of
amino acid conservation among the ASPV proteins and
homologous proteins in other paramyxoviruses, from most
conserved to least is V–C≥LNMNFNN, and HNNVNP. This
order is exactly the relative order of conservation described
among proteins of known Paramyxoviridae in the most recent
ICTV report (Lamb et al., 2005).
Within the Paramyxoviridae family, the ASPV gene order, the
lack of a M2 protein, the possible expression of multiple proteins
from the P\C\V gene and uniformly low amino acid identitieswith
HRSV and BRSV, indicate that ASPV is not in the subfamily
Pneumovirinae, but a member of the subfamily Paramyxoviri-
nae. Placement within a genus in the subfamily Paramyxovirinae
is, however, a different matter. Analysis of amino acid identities
and phylogenetic analysis of the deduced V-protein carboxyl
domain, the M-, HN-protein and the L-protein show that they are
most similar to the members of the Respirovirus genus. Similar
analysis of the fusion protein, however, shows that it most
resembles the unassigned FDLV, with no particular genus affinity.
In addition, the ASPV N- and P-, and V-proteins show little
overall identity with homologous proteins of known paramyx-
oviruses, and their phylogenetic positions are unresolved. The
expression strategy from the P/C/V gene, with the phosphoprotein
as the main protein, and the V and W\D\I proteins via edited
mRNA, is a feature common to respiroviruses, morbilliviruses,
henipaviruses and avulaviruses (Lamb and Kolakofsky, 2001),
and differs from the rubulaviruses, and the unassigned FDLV
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also a trait common to the respiroviruses and morbilliviruses
(Lamb and Kolakofsky, 2001).
The overall impression is that ASPV has a strong affinity to
genus Respirovirus, as concluded by previous authors (Fridell
et al., 2004), but may not be sufficiently similar to be considered
a member of the genus. Since this is the first paramyxovirus
infecting fish that has been genetically characterized, creating a
new genus in the subfamily Paramyxovirinae might be
necessary. Even though additional experiments will have to be
carried out to confirm this, we would like to suggest the name
Aquarespirovirus for this genus, as it describes both the hosts
and the viruses infecting them.
Materials and methods
Cell culture and virus propagation
Rainbow trout gill cells (RT – Gill – W1) (Bols et al., 1994)
were cultured in 75-cm2 tissue culture flasks at 20 °C in Eagle's
minimum essential medium (EMEM) supplemented with foetal
bovine serum (10%), L-glutamine (4 mM), Non-Essential amino
acids and gentamicin (50 μg ml−1). The cells were subcultured
weekly and formed monolayers within 5–7 days.
The ASPV strain, ASPV-Ro, was isolated from Atlantic
salmon suffering from PGI on the west coast of Norway (Fridell
et al., 2004). For virus propagation, cell culture medium was
removed from RT-gill monolayers, and sterile-filtered superna-
tant from ASPV-Ro infected RT-Gill cells, diluted 1:10 in serum-
depleted medium (2% FBS, 4 mM L-glutamine, non-essen-
tial amino acids, gentamicin), was added. The cells were in-
cubated for 4–5 weeks, or until cytopathic effect (CPE) was
observed.
Primer design and RT–PCR
Total RNA was extracted from infected cells and reverse-
transcribed into cDNA as described byDevold et al. (2000). Since
a partial L-protein gene sequence from ASPV was previously
shown to have an affinity for genus Respirovirus (Fridell et al.,
2004), a selection ofRespirovirus amino acid (aa) sequences were
aligned, including the nucleocapsid (accession nos. NP_056871,
NP_604433, NP_067148 and NP_037641), matrix (accession
nos. NP_056876, NP_604439, NP_067150 and NP_037643),
fusion (accession nos. NP_056877, NP_604440, NP_067151 and
NP_037644) and hemaglutinin–neuraminidase (accession nos.
NP_056878, NP_604441, NP_067152 and NP_037645). Based
on conserved amino acid motifs found in these alignments,
degenerate primers targeting the N, M, F and HN genes, res-
pectively, were designed using CODEHOP software (Rose et al.,
2003, 1998). The sequences obtained by this initial RT–PCR,
with significant alignment to paramyxovirus N, M, F and HN
sequences, were identified by BLASTn and/or Blastx searches of
the National Center for Biotechnology Information (NCBI)
database. The remaining regions of these genes were resolved by
performing an RT–PCR with primers specific to terminal
sequences from the initial RT–PCR and degenerate primerstargeting conserved paramyxovirus gene regions, as described
by Parker et al. (1991). The phosphoprotein gene was resolved
using primers located in the flanking genes, N and M, and
performing RT–PCR as described, with the addition of Quiagen
Q-solution to both the reverse transcriptase, and the PCR step of
the reaction. A partial sequence of the ASPV L-protein was
already available in the GenBank (accession no. AY433949)
(Fridell et al., 2004). This was aligned with known Respirovirus
L-protein gene sequences, and primers designed from conserved
regions. The remaining region was amplified by RT–PCR as
described above.
All primer sequences for primers used in the RT–PCR
reactions are available upon request.
Determining the 3′ and 5′ ends
The sequences of the 3′ terminal of the viral genome was
amplified by a method based on a 3′RACE described previously
(de Leeuw and Peeters, 1999; Schutze et al., 1995) by ligation
of total RNA from ASPV-Ro infected RT-gill cells using a T4
RNA ligase (TaKaRa) and performing RT–PCR. In short, the
goal was to obtain an RNA template mixture for a subsequent
RT–PCR, in which a small percentage would contain ASPV
genomes in which the termini were ligated. The reaction was
performed following suppliers recommendations, for 18 h at
12 °C in a 50 μl reaction mixture containing total RNA, T4
RNA ligase (5 U), 10× T4 RNA ligase buffer and 0.1% BSA.
Subsequent RT–PCR was performed using gene specific
primers located at the terminal end of the L-protein gene, and
in the terminal end of the N-protein gene.
The 5′terminal was determined by rapid amplification of
cDNA ends using gene-specific primers and a 5′RACE System
(Invitrogen), according to the manufacturer's recommendations.
Sequencing and sequence analysis
All PCR products were purified using the E.Z.N.A cyclepure
kit (Qmega BioTek) and sequenced using the Big Dye
terminator sequencing kit (Applied Biosystems). Sequencing
was done on PCR products, and all products were sequenced at
least twice. At no point were cDNA clones used to generate the
final sequence. Sequencing was performed at the sequencing
facility at the University of Bergen (http://seqlab.uib.no/).
Sequence data were analyzed and assembled using VectorNTI
software (Informax). The complete amino acid sequences of
the putative N, P, M, F, HN and L proteins from ASPV were
aligned with homologous protein sequences from selected para-
myxoviruses already available in the EMBL nucleotide data-
base. To perform pairwise comparisons between the different
virus proteins, the multiple sequence alignment editor GeneDoc
(available at: www.psc.edu/biomed/genedoc) was used. Poly-
morphic regions were manually aligned and compared for all
virus proteins.
Phylogenetic analyses of the data sets were performed using
the software TREE-PUZZLE 5.2 with maximum likelihood
(ML) as optimality criterion, and the VT matrix for amino acid
substitution (Muller and Vingron, 2000). Bootstrapping of ML
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test the robustness of the topology suggested by the ML trees,
additional trees were constructed from the same datasets with
maximum parsimony (MP) as optimality criterion, using PAUP⁎
version 4.0 with default settings (Swofford, 1993, 1998). MP
trees were bootstrapped using 1000 replicates. Phylogenetic
trees were drawn using TreeView (Page, 1996).
Database accession numbers and abbreviations
The genome sequence of ASPV has been deposited into the
GenBank under the accession number EF646380. Accession
numbers for other full-length sequences used in this study are
listed below. For viruses were full-length genome sequence was
not available, individual protein sequences were used. These are
indicated by the abbreviated gene letter in parenthesis following
the accession number. Avian metapneumovirus (AMPV)
NC_007652; Avian paramyxovirus 6 (AMPV-6) NC_003043;
Beilong virus (BeV) NC_007803; Bovine parainfluenza virus 3
(bPIV3) NC_002161; Bovine respiratory syncytial virus (BRSV)
NC_001989; Canine distemper virus (CDV) NC_001921;
Dolphin morbillivirus (DMV) NC_005283; Fer-de-Lance virus
(FDLV) NC_005084; Hendra virus (HeV) NC_001906; Human
parainfluenza virus 1 (hPIV1)NC_003461;Human parainfluenza
virus 2 (hPIV2) NC_003443; Human parainfluenza virus 3
(hPIV3) NC_001796; Human parainfluenza virus 4a (hPIV4a)
AAA46801 (N), AAA46804 (P), AAA46805 (V), BAA01086
(M), BAA08626 (F), AAA46799 (HN); Human parainfluenza
virus 4b (hPIV4b) AAA46802 (N), AAA46806 (P), AAA46807
(V), BAA01087 (M), BAA08627 (F), BAA22192 (HN); Human
metapneumovirus (HMPV) NC_004148; Human respiratory
syncytial virus (HRSV) NC_001781; J–Virus (J–V)
NC_007454; Mapuera virus (MPRV) EF095490; Measles virus
(MeV) NC_001498; Menangle virus (MenV) NC_007620;
Mossmann virus (MoV) NC_005339; Mumps virus (MuV)
NC_002200; Newcastle disease virus (NDV)NC_002617; Nipah
virus (NiV)NC_002728; Peste-des pestis ruminants virus (PPRV)
NC_006383; Rinderpest virus (RPV) NC_006296; Sendai
virus (SeV) NC_001552; Simian parainfluenza virus 5 (SV5)
NC_006430; Simian virus 41 (SV41) NC_006428; Tioman virus
(TiV) NC_004074; Tupaia paramyxovirus (TPMV) NC_002199.
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